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By James T. Matthews, Jr.
SUMMARY

A thecretlical anslysis was mede to investigate the performence and
accelerstion~-restriction capebllities of a normal-acceleration commend
control system ln a fighter alrplane. Several combinstions of pitching
veloclity and pliching acceleratlon were investigated as feedback gquan-
tities in combination with normal acceleration.

The flight conditions consldered were alrspeeds of 600 and 1,000 feet
per second, at sea level and an altitude of 20,000 feet, and maneuver mar-
glns of 3.3, 13.3, and 235.3 percent of the mean serodynamic chord. The
most deslrable transient responses (10 percent or less overshoot) to
acceleration commends were obtelned when pltching veloelty was fed hack
in a menner that lncreased the damping of the airplane and pltching
acceleration was fed back In e manner that increased the effectlve iner-
tle of the alrplane. In order to obtaln satisfactory performence, all
the systems investigeted required a compensating network which reduced
the phase lag of the power comtrol in the vicinity of its natural
frequency.

The analysis also included the normal-scceleretion response of the
controlled elrplane to slmmlated rough alr. The normel-scceleration
response of the controllied alrplane to rough air was somewhet reduced
as compered wlth that of the baslie alrplane, particularly at the lower
meneuver margins. The magnitude of the pltching-veloclty response was
greater for the controlled alrplane, as mlight be expected.

INTRODUCTION

In several previous reports (refs. 1, 2, and 3) acceleration restric-
tors have been enslyzed which ubtlilize the principle of stopping the ele~
vator motion in sccordance with a signal that depends upon longltudinel
response quantities such as normel acceleration, pltching veloclty, and
pitching acceleration. The poesibllity has also been polnted out of
obtalning acceleration restriction by 1limiting the input of an automatic



2 NACA TN 4179

control system which is designed to produce a normal-ecceleration response
equal to the command. A normel-acceleration control system was analyzed
in reference 4 and was shown to have desirable characteristics from the
standpoint of rapid response to the pillot's control.

In the present report, consideration is glven to certein features
intended to improve the acceleration-limiting characteristics of a normsl-
acceleration control system. The characteristics desired are a rapid
approach to the commend velue of normal acceleration with no overshoot
and s steady-state response which closely approaches the command value.
In order to attaein these characteristics, pitching-acceleration feedback
to reduce the effective inertia of the alrplane in pitch and pitching-
veloclity feedback to increase the damplng were investigated in combi-
nation with normal-acceleration feedbeck. The gust responses of these
systems were also lnvestigated. The results presented were obtailned
primarily with the ald of analog-computing equipment.

SYMBOLS
Bn normal acceleration, g units
Bn,i normal-gcceleration input, g units
én,i  rate of normal-acceleration imput, & 13::;%.5
8n,o normel-acceleration output, g units
c mean aerodynemic chord, £t
g acceleration due to gravity, ft/sec®
3=V
Ky forwerd-loop gain (ratio of elevator deflection to normal-
acceleration error), ;&unﬁ';
K, inner-loop galn (ratio of elevator deflection to pltching
acceleration), —Xradlans
rediens/sec®
K3 " inner-loop gain (ratio of elevaetor deflection to pitching

weloetey), sdleme
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v airspeed, ft/sec

Cg ' angle-of-attack change due to gusts, radians
Be elevator deflection, radians

6 pitching veloeity, radians/sec

e pltching acceleration, ra.aj.ia.r:n.s/sec2

o circular frequency, radiens/sec

ANATY3IS

Ideally, an acceleration restrictor should allow the alrplane com~
plete maneuvering freedom up to the polnt that has been chosen as the
acceleration limit. Perfect limiting of acceleration at all flight
conditions would be nearly lmpossible for a hlgh-performance alrplane;
therefore a compromise must be reached. In thls study the following
condltlons were assumed as the requlrements:

(1) A meximum rete of normal-acceleration input of 6g per second
(A brief check of meny actual time histories of normel acceleration
measured in flight during pull-ups indiceted that 6g per second was a
reesonsble meximum rate.)

(2) A meximum sllowable overshoot of about 10 percent of desired
value

(3) Well damped transients (0.6 critical demping or greater) in
normel acceleration

(4) Moderately damped trensients in higher frequency modes which
are predcminent in pitching velocity and elevator motion (0.3 critical

damping or grester)

In this section and in subsequent sectlions of thls paper, the varl-
ous normal-acceleration control systems considered are for convenience
deslgnated by certein symbols. The symbols 6 and 5, when used in con-
Junction with the symbol s8,, indicate the immer-loop feedback quantity.

The sign indicates whether the feedback is posltive or negetlive. For
example, "a, + 6 control" indicates a normal-acceleration control

system with positive pltching-acceleration feedback in the inner loop.
The use of 8 feedback changes the effective damping of the alrplane



L NACA TN 4179

whereas 6 feedback changes the effective lnertia of the alr flow. In

either case posltive feedback would be expected to decrease and negative
feedback to increase the stebllity of the airplane—control-system com-

bination. The characteristics of the subsonic Jet fighter airplane used
in this analysis are glven in reference 1.

Block diagrems of the a, - 8 and 8y + 6 control systems are
shown in figure 1. In the analysis of the &y, ay - 8, and ay + 6

control systems, ideal power control characteristics (no lag) were
assumed. The forward-loop gain Ky was varied through a reascnable

range. The pitching-veloclty feedback gain was selected so as to double
the damping of the basic aslrplane, whereas the pltching-acceleration
feedback gains were selected so that for each value of the forward-loop
galn the effective lnertla of the alrplane was reduced to zero. The
effectiveness of the systems studied as acceleration restrictors was
determined from transient responses to ramp inputs. Results were obtained
over a renge of velues of alrspeed and with values of maneuver margin

of 3.3, 13.3, and 23.3 percent of the meen aerodynamic chord.

Power-control dynamics, stabllizing and integrating networks, and |
various positive and negative combinations of the feedback guantities 6
and ¥ were investigated. A camposite block diagram of these systems
is shown in figure 2. For the purposes of this anelysis the power con-
trol was assumed to have e natural frequency of 50 redians per second and
& demping ratio of 0.5 of critical damping.

The effectiveness of the various normal-accelerstion control systems
as acceleration restrictors was determined from transient responses to
ramp-type acceleration commands. An analog computer was utilized to simu~
late the dynsmics of the verious components in order to obtailn the tran-
slent responses to an acceleration command input which increased linearly
from O to 1 g at the rate of 6g per second. The transient responses were
obtalned for several flight conditlions at sea level. These conditions
were alrspeeds of 600 and 1,000 feet per secand and three center-of-gravity
locatlons corresponding to maneuver margins of 3.3, 153.3, and 23.3 percent
of the mean aerodynamic chord. In order to investigate an elrplane with
reduced demping, flying at & higher altitude, the seme conditions were
assumed except that all the demping derivatives were reduced by & factor
of 2 end the altitude was 20,000 feet. Some of the effects of gusts on en
alrplene equipped with a normel-acceleration control system were also
studied. Frequency responses due to sinusoidal gusts for the ideal 8ys-~
tems of figure 1 were calculated. Unstesdy 1lift effects were neglected
in the calculations. In the analysis simulated rough air wes introduced
into the analog computer by e motor-driven cam containing 24 discrete
frequencies of constant amplitude. The cam output wes then Integrated in
the process of golng through the computer, and the result was a rough-alr
input whose amplitude varied inversely with frequency. This input
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approximates the eamplitude varietion with frequency corresponding to
the continuous power spectrum of atmospheric turbulence, as indicated by
the resulte of reference 5.

RESULTS AND DISCUSSION

Acceleration-Restriction Results

The results of the preliminary calculetions, which assumed idesl
power control with no lag, for three types of comtrol an, ap - 6, end

an + 8§ are shown in figure 3. The results for all three types of con-

trol are similar in that, as the airspeed is decreased for a constent
gain setting, there is a large decrease in response below the steady-
state command value because of the effect of the maneuvering stability
of the alrplane. Tt can also be seen from figure 3 that to epproach
zero steady-state error would require high forwerd-loop gains which
obviously can lead to stability problems 1f power-control lags are con-
sldered. In any of the systems considered, 1t would be necessary to vary
the gain with flight condition, that 1s, with eirspeed, altitude, and
center-of-gravity location. '

In order to obtain an idea of the effect of power-control dynemics
on the performance of the control systems, inverse Nyquist plots were
mede by utilizing the transfer functions of the various components. The
pover control was assumed to be a second-order system with a natural fre-
quency of ebout 30 raedisns per second and a damping ratio of about 0.5.
A compaerison of the Nyquist plots, where power-control characteristics
were assumed to be perfect, with the cheracteristics of a more practical
power cantrol, showed that the addition of power-control dynamics lowered
‘the forwerd-loop gain that wes consistent with stability requirements con-
slderably below the value that would be required to obtain satlsefactory
performance. By plotting the closed-loop frequency responses for any
glven flight condition from the inverse Nyqulst plots, an 1dea of the
treansient response of the system can be obtained. Frequency responses
thus obtalned showed e declded dip at frequencles less than the rescnant
frequency peak. Thils type of frequency response generally indlcates the
presence of two modes of motion. One mode would have the characteristics
assoclated with a system having low natural frequency and high damping,
end the other mode would be the characteristic system having a higher
natural frequency and low damping. The long response time and large
overshoot would make this type of system unacceptable for use as an
acceleration restrictor.

Since the addition of power-control dynsmics apparently cesused the
deterioration in performance, the addition of e compensating network to
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offset the lagging phese angle introduced by the power control suggests
itself. " As mentioned previously and shown in figure 3, it appears deslr-
able to include in the network en integrating characteristic in order %o
maintaln zero steady-state error. The Nyquist anslysis indiceted the
general characterlstics of the compensating network required. The trans-
fer functlion of the network used 1s as follows:

Output _ 0.19(1 + 0.1hjw)(1 + 0.08jw)

Input Ja{l + ©.00363w)2

Logarithmic plots of amplitude and phase wngle obtained with this network
are shown in figure hL. :

Typlcal results with the a, + 8 control for the various flight

conditions at sea level are shown 1n figure 5; The values of the gains
Ky and K, were adjusted to give ebout optimum response for each con-

dition. In all cases the commend rete of normal acceleratlion wes 6g per
second. The results shown In figure 5 indlcate that this system is an
excellent ascceleration restrictor as the overshoot in most cases is less
than 0.1lg. It was found, however, that the gain changes in the pltching-
aecceleration loop were very critical. Figure 6 illustrates the transient
responses for a glven flight condition and constant forward-loop gain Kj.

Tt can be seen that with no 6 feedback this particulsr control performs
satisfactorily and there 1s very little change as the gain K, is changed

from O to 0.01; however, there is a marked change when the galn is
Increased to 0.015. A further small lncrease makes the system unstable.
Results for the airplane with reduced demping at an altlitude of 20,000 feet
were unacceptable in all ceses because of stabllity problems and the large
overshoots encountered. It appears from figures 5 end 6 that the use of
positive pitching-acceleration feedback alone would not be acceptable with
the alrplane--control-system conbinetion studied. The reasons for this
conclusion are the instabllity of this type of control at an altitude of
20,000 feet and the critical nature of the inner-loop feedback gain.

Figure 7 shows the best performance obtalned, wlth any possible com-
blnation of the various feedbacks, for the flight conditions consldered.
Figure T(a) 1s for a speed of 600 feet per second at sea level and three
center-of-gravity locations. These results show that the performance is
satisfactory when the various galns are changed with f£flight condition.
8imilar results are shown in figures 7(b), (c), and (d) for different
alrspeeds, damping, and altitudes. In all cases the elevator deflection
required and the rate of elevetor motion required, 1f 6g per second is
assumed to be the maximum input rate of normal ecceleratlon, were within
practical limits for current alrfremes and power-control systems.
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In genersl, best results were obtained by using the aj - 6-8
control. The use of &, - 4 control generelly reduced the slloweble

value of the forward-loop gain so that the response time wes increased
‘to an unecceptable degree.

One particular set of gains used in the a, - 6 - 6 control
(KL = 0.3, K, =-0.01, and Kz = -0.2) was found satisfactory over a

wlde range of conditions. Figure 8 shows how the output acceleretion
varles with flight condition when the inner- and outer-loop gains are
held constant.

Gust Allevliation Results

In order to obtain some knowledge of the effects of turbulent air
on the alrplane—control-system combinations under investigation, fre-
quency responses due to sinusoldal gusts were calculated. Unsteady 11ft
was neglected in the calculations inassmuch as 1t 18 believed that its
effects would be to attenuate the response at the higher frequencies.
The calculated gust responses for the a, - § and an + 0 systems and

for the basic alrplane are presented in figure 9. At the lower frequen-
cles, where the gust power in the atmosphere is the greetest, the
a, + 8 control shows the greatest reduction 1n scceleration response

to guste as the forward-loop gain K; 18 increased. A considersble
reduction in acceleration response is also shown by the an - ) control.

With either type of control, & large increase in pitching accompanies

the reduction in normal acceleration. This pitching results from the
attempt of the normal-scceleration control to maintain the 1ift, and
hence the angle of attack, at a constant value during flight through
gusts. The expected effect of the pltching-veloclty feedback in reducing
the pltching motion 1s not very apparent for the larger values of K; .

With the practical systems shown in figure 10, the similated rough-air
input wes obtalned by integrating the output from the motor-driven cam
as previously mentioned in the section entitled "Analysis." A repeat-
able cycllc input wes desired so that at any given flight condition a
direct comparison could be made between the response of the basic air-
Plene eand the respanse of the alrplane with the different normal-
acceleration control systems. The effects of changes in the inner-loop
feedback quantities and gain changes 1n both outer and inner loops can
be seen easlly with a repeatable input. Figure 10 presents the normel-
acceleration and pltching-velocity responses to the rough-air input for
the besic airplene with one forward and one resrward center-of-grevity
location at an alrspeed of 1,000 feet per second. For comparison, typi-
cal results are presented for the e, + 8 controlled alrplane with &
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forward and e rearward center-of-gravity locetlon and for the ap - -0

controlled airplane with a rearward center-of-gravity location. The
inner- end outer-loop gains assoclated with the ap + § control and

the a, - § - 8 control in flgure 10 correspond to optimum geins shown

in figures 5 and 7, respectively. No attempt wes made to vary system-
atlcally the feedback comblnations and gain velues to try to improve the
responses to rough air.

The various control systems generally appeared to reduce the response
of the airplane “to gusts less than might have been expected from the ideal
ey + 8 control of figure 9. Stability requirements dictated a consider-

ably lower forward-loop gain Xj; for the pi:-éa.ctiqa.l_ an + [ gystem then
is indicated for the ideal &an + 6 control of figure 9. The addition

of a compensating network with en integrating characteristic in the
practical control system precludes a direct comparison between the gains
of the ideal and practical systems. Tt is possible, however, to compare
the gains at other than zero frequency. For example, conslder the prectl-
cael ap + 6§ system of figure 5 for a maneuver margin of 3.3 percent of

the mean serodynasmic chord, an elrspeed of 600 feet per second at sea -
level, and a forwerd-loop gain Kj of 0.05. TFor these conditions the

natural frequency of the basic alrplane is ebout 6 radiens per second.
The amplitude retio or gain of the compensating network at this frequency
is sbout 0.06 (-24 decibels, from fig. 4). Combining the K; value of
0.05 with the compensating network gain of 0.06 results in an effective
K1 velue of ebout 0.003. A check of the ideal ap + 8 system for the

pame conditions (see fig. 9), that is, Ky = 0.003, indicetes that even

the ldeal system at this geln offers very llittle redgétibn in normal- .
ecceleration response to gusts. In the ideal &, + 6 control system

e value of K; of about 0.15 would yleld an epprecisble reduction in

normal-acceleration response to gusts as compered with the basic air-
plane at low frequencles where the gust power 1is the greatest. For the
same conditlions a practical system would require a value of XK; of

about 2.5, which is much higher than the value of 0.05 actually obtelned.

With the various systems, however, there is a definite reduction in
the normal-aecceleration response at the lower frequencies as compared with
that of the baslc ailrplsne when the maneuver margin is small. Also, the
megnitude of pitching-velocity response is definitely greater for the
controlled airplane then for the baslc alrplene. These observations are
not based on eny systematlic analysis of the time histories, such as &
spectral-density analysis, but on visual study of time historles, several
of which are shown in figure 10.
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CONCLUDING REMARKS

A thearetical analyeis was mede to determine the performance and
acceleration~-restriction caepabilities of a normal-acceleration control
system 1n e typlcel subsonic Jet fighter alrplane. Severel comblnatlons
of the lnner-loop feedback quantlties, pitching veloclty and pitching
acceleration, were Investigated in combination with normal-scceleration
feedback. The flight conditions considered were airspeeds of 600 and
1,000 feet per second at sea level and at 20,000 feet and maneuver mar-
gins of 3.3, 13.3, and 23.3 percent of the mean serodynsmic chord. At
20,000 feet the damping derivetlves of the baslc airplane were reduced
to one-half the values used at sea level.

A normel-acceleration control system with negative feedback of
pitching veloelty and pltching acceleration wes found to restrict the
normal scceleration to within 10 percent of the deslred value for the
flight conditions consldered. In order to achieve this result e com-
pensaeting network, which reduced the phase leg in the vieinity of the
natural frequency of the power control, was required. It was also nec-
essary to vary the galns with vaerying fllght conditions.

The effects of simulated rough alr on the alrplane—control-system
combinations were also investigated. The normal-acceleration response
of the controlled ailrplane to rouvgh air was somewhat reduced as compared
with that of the basic airplane, particularly at the lower maneuver mer-
gins. The magnitude of the pltching-veloclty response was greater for
the controlled alrplane, as might be expected.

Langley Aeronautlical Laboratory,
National Advisory Committee for Aeronauties,

Langley Fleld, Va., September 19, 1957.
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Flgure 5.- Time histories of command input and corresponding transient responses for

a.n+H control.
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{a) V = 600 feet per second; sea level. Note that 5, scales are different.

Figure T.- Tme histories of command input and corresponding optimum trensient responses that
were chtained.
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